Complementary DNA (cDNA) clones encoding calmodulin isoforms were isolated from an Arabidopsis leaf XgtlO library by screening with cloned barley calmodulin cDNA probes. Two cDNAs, one a 626-base pair partial-length clone (ACaM-1) and one a 1400-base pair full-length clone (ACaM-2), encode calmodulin polypeptides that differ by four conservative amino acid substitutions. None of the amino acid sequence differences occur within the four Ca2+-binding domains of the proteins. Whereas the deduced amino acid sequences of the two Arabidopsis calmodulin isoforms share 97% identity, the nucleotide sequences encoding the two isoforms share 87% sequence identity. Most of these nucleotide sequence differences (80%) occur in codon wobble positions. ACaM-1 and ACaM-2 both hybridize with a distinct set of restriction fragments of Arabidopsis total DNA, indicating that they were derived from transcripts of separate genes; these genes are single-or very low-copy in the Arabidopsis genome. Both cDNAs hybridize to messenger RNA (mRNA) species of 0.8 kilobases that are expressed to a greater extent in developing siliques compared with leaves, flowers, and stems. Northern blot and polymerase chain reaction assays both indicate that ACaM-1 mRNA is more highly expressed than ACaM-2 mRNA in developing siliques. The steady-state levels of both isoform mRNAs increase as a result of touch stimulation; the kinetics and extent of increase are comparable for the two mRNAs.
the deduced amino acid sequences of the two Arabidopsis calmodulin isoforms share 97% identity, the nucleotide sequences encoding the two isoforms share 87% sequence identity. Most of these nucleotide sequence differences (80%) occur in codon wobble positions. ACaM-1 and ACaM-2 both hybridize with a distinct set of restriction fragments of Arabidopsis total DNA, indicating that they were derived from transcripts of separate genes; these genes are single-or very low-copy in the Arabidopsis genome. Both cDNAs hybridize to messenger RNA (mRNA) species of 0.8 kilobases that are expressed to a greater extent in developing siliques compared with leaves, flowers, and stems. Northern blot and polymerase chain reaction assays both indicate that ACaM-1 mRNA is more highly expressed than ACaM-2 mRNA in developing siliques. The steady-state levels of both isoform mRNAs increase as a result of touch stimulation; the kinetics and extent of increase are comparable for the two mRNAs.
Calcium is an essential plant macronutrient that has been implicated in regulating a diverse array of physiological processes, including cell proliferation and growth, organelle movement, photosynthesis, tropic and nastic responses, and secretion (10, 20) . In many cases, calcium functions as an intracellular messenger and couples these physiological responses with the perception of external stimuli, such as light (24) , gravity, or phytohormones (10, 20) . An integral part of the calcium-mediated signal transduction pathway is a group of proteins that bind calcium reversibly with dissociation constants in the nanomolar to micromolar range, known as calcium-modulated proteins.
CaM3 is a member ofthe calcium-modulated protein family
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3Abbreviations: CaM, calmodulin; bp, base pair(s); PCR, polymerase chain reaction; RT, reverse transcriptase. and has been identified in all eukaryotes examined. One of the hallmarks of CaM is its highly conserved primary structure. Except for amidation states, CaM amino acid sequences are identical among mammals and avian species (23) , and higher plant CaM shares 98% amino acid sequence similarity with vertebrate CaM (15, 16) . Most of the differences among CaM proteins are conservative substitutions that could be explained by minimal nucleotide changes in their gene coding sequences. In rats and humans, CaM is encoded by a family of at least three genes (6, 19) . Within either of these species, the CaM proteins encoded by the different gene family members possess identical amino acid sequences, but their respective nucleotide sequences are diverged by approximately 20%. Similar results have also been reported for CaM protein and gene sequences in Xenopus (5) and a trypanosome (27, 28) . These observations have been interpreted to mean that there is strong selective pressure to maintain the primary structure ofCaM, not only within a species but also across the spectrum of eukaryotic phylogeny.
In this paper, we characterize two cDNAs encoding CaM from Arabidopsis, which were isolated using a cloned barley CaM cDNA (15) as a probe. Nucleotide sequence analyses and genomic Southern blot assays using these clones demonstrated that they were derived from mRNAs transcribed from two distinct genes, and that they encode CaM isoforms, which differ by at least four conservative amino acid substitutions. The mRNAs encoding the two CaM isoforms were expressed to similar extents in all aerial tissues ofArabidopsis seedlings that were tested. In addition, we describe a PCR assay for detecting specific CaM mRNAs in tissues in which their abundance is very low. A portion of these data was presented previously in abstract form (14) . and were included in the hybridization solutions at 20 ng/ mL. Posthybridization washes were performed twice in 2x SSPE, 0.2% (w/v) SDS, and twice in lx SSPE, 0.1% (w/v) SDS at hybridization temperature. Positively hybridizing phage were purified by three rounds of plaque hybridization, and the phage DNA inserts assayed by Southern blot hybridization using the same 32P-labeled probes described above.
Subcloning and DNA Sequencing
Inserts from positively hybridizing phage were excised with EcoRI and subcloned into either pGEM-3Z (Promega-Biotec, Madison, WI) or pBS-SK' (Stratagene, LaJolla, CA). DNA sequencing was performed by the dideoxy chain termination method (25) 
RESULTS
We previously reported the molecular cloning of CaM cDNA sequences from barley and showed that restriction fragments containing the coding region of barley CaM were suitable for use as DNA probes in Northern hybridization assays for detecting CaM mRNA from different plant species, including Arabidopsis (15) . Different subclones of the barley CaM cDNA were used as probes against an Arabidopsis XgtlO library with the intent of isolating sequences encoding CaM cDNAs. Because we had reason to believe that a portion of the unusually long (255 bp) 5' untranslated region of our fulllength barley CaM cDNA (pBCaM-3) was an artifactual product of cDNA cloning (15), pBCaM-3 cDNA was digested with exonuclease Bal3 1, eliminating most of the 5' untranslated region. The subcloned fragment, now termed pBCaM-3A1, contained the entire coding region along with 21 bp of 5' untranslated sequences, and the 3' untranslated region of barley CaM. The insert from this subclone was used to screen an Arabidopsis cDNA library cloned in phage XgtlO at a hybridization criterion that would allow for approximately 15 to 20% nucleotide sequence mismatch. Several positively hybridizing plaques were picked and subcloned into plasmids. Two of the cDNAs were subsequently sequenced; restriction maps and nucleotide sequencing strategies are shown in Figure 1. The deduced amino acid sequences of the two cDNAs were very similar, but not identical, to each other and to CaM characterized from other higher plants. Figure 2 shows that one of the cDNAs was a 626-bp partial length clone, which we termed ACaM-1. This clone contained a single long open reading frame, which encoded an amino acid sequence of 136 residues that corresponded to positions 13 Within the region in which ACaM-1 and ACaM-2 align, the deduced amino acid sequences differ at four residues, a lysine for an arginine at position 74, a glutamic acid for an aspartic acid at position 122, an arginine for a lysine at position 126, and an isoleucine for a valine at position 174. Figure 3 shows that of the two Arabidopsis CaM isoforms, the amino acid sequence of the protein encoded by ACaM-2 is the most similar to those of other higher plant CaMs. The deduced sequence of ACaM-2 differs from barley (15), alfalfa (1), and spinach (16) CaM at only two positions, and the CaM protein encoded by ACaM-1 differs from these sequences at three positions. In contrast, the amino acid sequences of all the above-mentioned higher plant CaMs differ from that of potato CaM (13) Nucleotides are numbered at the right in the 5' to 3' direction for the ACaM-2 sequence only. Amino acid residues are numbered above the ACaM-2 sequence beginning with the presumptive amino-terminal alanine residue and are given in the single letter IUPAC nomenclature.
of control ACaM-1 and ACaM-2 transcripts showed comparable hybridization intensity (Fig. 5a, lanes 6 and 7) . . near the limits of detection in Northern blot experiments using leaf, stem, and root RNA samples, we confirmed that both are expressed in leaves by a PCR amplification assay. Samples of leaf and silique total RNA were treated with DNase to remove contaminating genomic DNA, reverse transcribed using random hexamer primers, and subjected to PCR amplification using primers specific for either ACaM-1 or ACaM-2 mRNA. For ACaM-2, 5'-GCTGATGGTA-ACGGAACCATAAG-3' and 5'-CATGAAATTTGGGAC-GAATCGA-3' were used as sense and antisense primers, respectively; they correspond to positions 889 to 910 and 1269 to 1290 in Figure 2 . For ACaM-l, 5'-CAC-TATCGACTTCCCCGAGTTC-3' and 5'-GCA-TATCTCCACCAATCATGCA-3' were used as sense and antisense primers, respectively; they correspond to positions 903 to 924 and 1236 to 1257 in Figure 2 . The predicted sizes of PCR amplification products of ACaM-1 and ACaM-2 mRNAs, therefore, were 355 and 402 bp, respectively. It should be noted that the antisense primers were constructed using sequences from the 3' untranslated regions of ACaM-1 and ACaM-2 mRNAs, and the sense primers were chosen to be within regions of sequence that diverged by at least 20% between the two mRNAs. The control amplifications in Figure 6 (left and center panels) show that these primers were at least I03-to 104-fold more specific for the CaM mRNA sequences from which they were derived than they were for competing, heterologous CaM mRNAs. This specificity was confirmed by direct DNA sequence analyses of both PCR products (data not shown). Figure 6 also shows that both ACaM-l and ACaM-2 mRNAs were detected in leaf as well as in silique RNA fractions. The PCR signals were not due to contaminating genomic DNA, because control reactions on samples that had not been reverse transcribed showed no amplification products (Fig. 6, right panel, lanes 5-8) . It should be noted that these assays were not carried out under conditions in which quantitative comparisons could be made with a high degree of confidence. Note that the differences in yields of amplification products of 10-fold serial dilutions of in vitro transcripts (Fig. 6 , left and center panels) were perceptible, but too small to permit accurate quantitation. Nevertheless, the PCR results support our Northern blot experiment (Fig. 5, panels a) , which indicated that ACaM-1 mRNA is more highly expressed in developing siliques than is ACaM-2 mRNA. However, the PCR signal for ACaM-2 mRNA in leaf total RNA appears to be comparable to that in silique RNA (Fig. 6, right panel, lanes 2 and 4) , even though the Northern hybridization signal for ACaM-2 mRNA in leaf poly A' is much less than that observed in siliques. This result is likely to represent a plateau artifact (12 (17) and Dictyostelium (18) , which possess additional N-terminal amino acid residues. Final characterization of the protein encoded by ACaM-1 awaits isolation of a full-length cDNA or the corresponding genomic DNA sequences.
In contrast to the Arabidopsis CaM isoforms described here, mRNAs transcribed from different vertebrate CaM gene family members are expressed differentially (26) . The Arabidopsis CaM isoform mRNAs characterized in this report appeared to be coordinately expressed when RNAs from whole plant organs are analyzed by Northern blotting or by PCR amplification, although ACaM-l mRNA appears to be more highly expressed than ACaM-2 mRNA in leaves and developing siliques. Thigmomorphic stimulation resulted in similar changes in ACaM-1 and ACaM-2 mRNA accumulation. However, differential expression of ACaM-1 and ACaM-2 on a cell-type basis within a given organ would not have been detected in the analyses presented in this report. In addition, we do not yet know the consequence of ACaM-1 and ACaM-2 mRNA accumulation at the polypeptide level. However, because the two CaM isoforms whose sequences we deduced are so similar, it is unlikely that we will be able to directly address the question of whether expression of the CaM polypeptides follows a pattern similar to that of their respective mRNAs.
At least one other instance of CaM isoforms has been reported in the sea urchin Arbacia punctulata (4, 8) , in which four amino acid sequence differences occur within two forms of the protein. The sea urchin isoform proteins and their respective mRNAs are differentially expressed in gametes. The Arabidopsis CaM isoform mRNAs we described in this report were not assayed in gametes; however, they are coexpressed in both whole flowers and developing siliques.
It is inferred from in vitro studies that interactions between CaM and its target enzymes involve structurally overlapping sites on the CaM molecule (29) . It has also been speculated that selection pressure for CaM to remain highly conserved across phylogenetic lines is a consequence of tight substrate specificity for CaM-binding sites within CaM-dependent proteins. Differential activation of a CaM-dependent enzyme by vertebrate and plant CaM proteins (which differ by 13 of 148 amino acid residues) has been observed in vitro for NAD kinase (21) . The demonstration in this report that sequence variants in CaM exist within a single plant species raises the possibility that different CaM isoforms may be present to optimize interactions with specific CaM-regulated target enzymes. Because it is possible to express CaM in E. coli and recover biologically active protein (22) , it should be possible to use a similar approach to ask whether there are significant biochemical differences between ACaM-and ACaM-2, once a full-length clone is available for ACaM-1.
Note Added in Proof
The sequences reported here have been registered in the GenBank/EMBL Data Bank with accession numbers M38379 and M38380.
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